Introduction

!
The Polygonum genus (Polygonaceae), comprising about 300 species, primarily grows in northern temperate regions of the world, and is well known to produce a variety of secondary metabolites, such as diterpenoids, triterpenoids, flavonoids, anthraquinones, coumarins, phenylpropanoids, stilbenoids, and tannins [1] [2] [3] . Polygonum persicaria L. (syn. Persicaria maculosa Gray) is native to Europe and is widely distributed as a weed throughout temperate and tropical North and South America, Asia, North Africa, and Australia. P. persicaria is a morphologically extremely variable perennial plant. Previous phytochemical studies revealed the presence of stilbenes, flavones, flavonols, chalcones, flavanones, and phenolic acids in this species [1, 4, 5] . In vitro pharmacological studies demonstrated its antibacterial, antifungal, and insecticidal activities [6, 7] , while in in vivo studies, the hydroalcoholic extract of the herb exhibited an anti-inflammatory effect and decreased locomotion after intraperitoneal administration to rats [8] . As concerns the chemical constituents responsible for the observed activities, persilben, a unique naturally occurring E-stilbene, attracted great interest because of its antimicrobial, antifungal, and antioxidant activities and its good penetration through biological membranes in consequence of its high lipophilicity [9, 10] . In the present study, the effects of different Polygonum persicaria extracts on the G proteinactivated inwardly rectifying K + (GIRK) channel were investigated by using an automated patchclamp method. The GIRK channels, novel targets for the development of new therapeutic agents, are activated by a large number of G proteincoupled receptors and regulate the electrical activity of neurones, cardiac atrial myocytes, and β-pancreatic cells. Abnormalities in the GIRK channel function have been implicated in the pathophysiology of neuropathic pain, drug addiction, cardiac arrhythmias, and other disorders [11] . The CHCl 3 extract of P. maculosa at 0.1 mg/mL exhibited high GIRK channel-inhibitory activity and
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The G protein-activated inwardly rectifying K + channel-modulatory activities of Polygonum persicaria extracts were investigated by using an automated patch-clamp method, with the aim of identifying natural sources of promising ion channel-blocking compounds. The chloroform extract of the whole plant at 0.1 mg/mL exhibited high G protein-activated inwardly rectifying K + channel-inhibitory activity. Fractionation of this extract by vacuum liquid chromatography on RPsilica gel resulted in 6 fractions, which were evaluated for G protein-activated inwardly rectifying K + channel-modulatory activity. RP-HPLC of the most active fractions afforded the main compounds 1-4 in pure form and a mixture containing the minor constituents. The structures were identified by means of UV, HRMS, and advanced NMR methods as 3-O-senecioyl-isorhamnetin (1), 3-O-angeloyl-isorhamnetin (2), 5,3′,4′,5′-tetramethoxy-6,7-methylenedioxyflavone (3), and 3,5,3′,4′,5′-pentamethoxy-6,7-methylenedioxyflavone (4). Compounds 1-4 are new natural products, though 4 was reported earlier as a synthetic compound. Neither the individual, nor the combined application of compounds 1-4 modified the G protein-activated inwardly rectifying K + channel activity. However, a marked G protein-activated inwardly rectifying K + current-inhibitory effect was detected on use of the HPLC eluates containing the minor compounds. These results indicate the presence of electrophysiologically active agents among the minor compounds. was therefore subjected to chromatographic separation with the guidance of a GIRK channel-inhibitory assay. A new highly methoxylated flavone (3) and three new flavonols (1, 2, and 4) were isolated from the active fractions of P. persicaria and identified. The GIRK channel-modulatory activities of the isolates (1-4) and the HPLC eluates containing the minor compounds were evaluated.
Results and Discussion
!
An MeOH extract was prepared from the dried whole plant of P. maculosa and subjected to a solvent-solvent partition, yielding nhexane (A), CHCl 3 (B), and aqueous MeOH extracts (C). The plant material was then extracted with H 2 O, affording extract D. These extracts of different polarity (A-D) were subjected to the GIRK channel-inhibitory assay, using an automated patch-clamp method (l " Table 1 ). The CHCl 3 extract (B) at 0.1 mg/mL exhibited significant GIRK channel-inhibitory activity (76 %). Its effect was comparable to that of propafenone, which displayed 81 % inhibition at 1 µM. Fractionation of this extract by VLC on RP-silica gel resulted in 6 fractions (fractions B/1-6), which were evaluated for GIRK channel-modulatory activity (l " Table 1 ). RP-HPLC of the most active fractions (B/4 and B/5) led to the isolation of the main compounds 1-4 in pure form (l " Fig. 1 ). The HPLC eluates containing mixtures of other (minor) compounds were also subjected to the GIRK channel-inhibitory assay (l " Fig. 2 ). and demonstrated an acylated isorhamnetin structure. The position of the senecioyl group was confirmed by the downfieldshifted 13 C NMR signal of C-3 (δ C 163.1) relative to that of isorhamnetin (δ C-3 135.62) [13] . The positions of the OH groups at C-5, C-7, and C-4′ were indicated by the HMBC cross-peaks between the OH signals at δ H 12.34, 6.00, and 5.97 and the carbon signals at δ C 162.2 (C-5), 162.2 (C-7), and 148.6 (C-4′), while the location of the methoxy group was evident from the HMBC correlation between the δ H 3.95 and δ C 146.4 signals. All of the above evidence confirmed that compound 1 was 3-O-senecioyl-isorhamnetin. Compound 2 was isolated as a pale-yellow oil with UV absorption similar to that of compound 1. Its HRESIMS displayed a quasimo- H NMR spectrum was assigned to H-3 with regard to its HMBC correlation to C-2, C-4, C-10, and C-1′. The other singlet signal (δ H 6.75) was assigned to H-8 with respect to its longrange correlation to C-9, thereby indicating a 5,6,7-substituted ring A. Moreover, the two-proton singlet signal at δ H 7.06 s (H-2′,6′) suggested that ring B is symmetrically substituted, which means that the three methoxy groups are situated on ring B [14] , and one methoxy and the methylenedioxy group are to be found on ring A. The methylenedioxy group must be in position 6,7 as indicated by the HMBC correlations between the OCH 2 O (δ H 6.07) protons and C-6 (δ C 134.8) and C-7 (δ C 153.0), and a methoxy group (δ H 4.15) at C-5 (δ C 153.0) with regard to their HMBC cross-peaks. These results indicated that compound 3 is 5,3′,4′,5′-tetramethoxy-6,7-methylenedioxyflavone. Compound 4 was identified on the basis of UV, ESIMS, and 1D and 2D NMR spectroscopy as the 3-methoxy derivative of compound 3. This was earlier reported as a synthetic compound, but its NMR spectral data were not given [15] . In our experiments, the NMR shift assignments of all protons and carbon atoms were determined as listed in l " Table 2 . This is the first report on the isolation of 3,5,3′,4′,5′-pentamethoxy-6,7-methylenedioxyflavone (4) from a natural source. Our LC-MS investigation of the occurrence of compounds 1-4 in P. persicaria samples of different origins and in different vegetation stages (l " Fig. 3 ) revealed that only the sample collected in the flowering period (voucher No. 808) contained the isolated flavonoids 1-4. Both the isolated compounds and the HPLC eluates of the highly active fractions of the CHCl 3 extract (presumably containing unidentified minor compounds) were evaluated in GIRK channel-inhibitory assays. Interestingly, neither the individual nor the combined application of the isolated main compounds of the active fractions (1-4) exerted activity on the GIRK channel (l " Table 1) , whereas the HPLC eluates of fractions B/4 and B/5, containing mixtures of minor compounds at 0.1 mg/mL, proved to have inhibitory activities of 63 ± 9 % and 62 ± 4 %, respectively. The attempted isolation and identification of the compounds present in fractions B/4 and B/5 have so far failed because of their low quantities.
In conclusion, to the best of our knowledge, this was the first use of the GIRK channel-inhibitory assay for the screening of plant extracts. The present study demonstrated the GIRK channel-inhibitory activity of the CHCl 3 extract of P. maculosa, and new nat- ural flavonoids were identified from the extract. The isolated compounds (1-4) do not exhibit activities on the GIRK channel, and further studies are therefore needed in order to identify the minor compounds responsible for the K + channel-modulatory activity.
Materials and Methods
!
General procedures
Vacuum liquid chromatography (VLC) was carried out on silica gel G (15 µm; Merck); HPLC was performed on a LiChrospher RP-18 (5 µm, 250 × 4 mm; Merck) column, using an MeCN-H 2 O mixture as the mobile phase on a Waters 600 instrument. UV spectra were recorded on a Shimadzu spectrophotometer. NMR spectra were recorded in CDCl 3 on a Bruker Avance DRX 500 spectrometer at 500 MHz ( 1 H) and 125 MHz ( 13 C), with TMS as the internal standard. Two-dimensional data were acquired and processed with standard Bruker software. In the COSY, HSQC, and HMBC experiments, gradient-enhanced versions were used. HRMS measurements were carried out on a Thermo LTQ FT ultra mass spectrometer (ESI, spray voltage 4.3 kV, capillary temperature 280°C, samples were dissolved in MeOH, direct infusion). EIMS measurements were carried out on a Finnigan MAT 95XP mass spectrometer (EI, source temperature 220°C, 70 eV). 
Plant material
Extraction and isolation
Extracts for the GIRK channel assay were prepared from 10 g of air-dried, ground plant material with 3 × 100 mL of MeOH, using an ultrasonic bath. After filtration, the solution was evaporated to dryness under reduced pressure. The residue was dissolved in 50 mL of 50 % aqueous MeOH and was subjected to solvent-solvent partition between 3 × 50 mL of n-hexane (extract A) and 3 × 50 mL of CHCl 3 (extract B), and the residue gave extract C. After the extraction with MeOH, the residual plant material was dried and extracted with 30 mL of boiling H 2 O for 15 min. The filtered aqueous extract was freeze-dried, affording extract D. The yields (w/w) of the extracts were as follows: 2.6 % (A), 3.3 % (B), 4.2 % (C), and 3.3 % (D). For preparative work, air-dried and ground P. maculosa (300 g) was extracted with MeOH (3 L) at room temperature. The crude extract (28.2 g) was concentrated in vacuo and subjected to solvent-solvent partition, first with 3 × 500 mL of n-hexane and then with 3 × 500 mL of CHCl 3 . After evaporation, the CHCl 3 phase (3.88 g) was fractionated by RP-VLC on silica gel (25 mm × 100 mm), using a gradient system of H 2 O-MeOH [from 3 : 7 to 0 : 1; (70 mL each); volume of collected fractions was 10 mL]. The fractions were combined into six subfractions (B/1-B/6) according to the TLC monitoring and were tested for GIRK channel-inhibitory activity. Two fractions (B/4 and B/5; 187 mg and 182 mg) exerted marked activity on the GIRK channel and were further analyzed. Both fractions were separated by RP-HPLC, using the mobile phase MeCN-H 2 O (6 : 4), to yield compounds 1 (2.0 mg), 2 (2.4 mg), 3 (3.0 mg), and 4 (1.8 mg) and the HPLC eluates containing the minor compounds. 
LC-MS investigation of
GIRK channel-inhibitory assay
The GIRK channel current was measured by using planar patchclamp technology in the whole cell configuration with a 4-channel semi-high-throughput automated patch-clamp system (Patchliner; Nanion Technologies GmbH). Current was recorded with an EPC-10 Quadro patch-clamp amplifier (HEKA Elektronik Dr. Schulze GmbH), using PatchMaster 2.43 software (HEKA Elektronik Dr. Schulze GmbH). The pipetting protocols were controlled by PatchControlHT 1.07.50 software (Nanion Technologies GmbH). Experiments were carried out at room temperature, on HEK293 (human embryonic kidney) cells stably expressing the GIRK1/4 (Kir3.1/3.4) K + channels. The cell line originated from UCL Business Plc. Cells were maintained at 37°C, in 5% CO 2 in MEM medium (PAA Laboratories GmbH) supplemented with 10 % FBS (PAA Laboratories GmbH) and 182 µg/mL zeocin (Life Technologies Corporation). A cell suspension was used for measurements on a running cell culture. The cells were washed twice with PBS (Life Technologies Corporation) and then trypsinized with trypsin-EDTA (PAA Laboratories GmbH) for 2-4 min before the measurement. Trypsin was blocked with MEM + 10 % FBS. The cell suspension was next centrifuged (2 min, 100 g), resuspended in MEM at a final density of 1 × 10 6 -5 × 10 6 cells/mL and kept in the cell hotel of the Patchliner. The cells were recovered after 15-30 min and remained suitable for automated patch-clamp recordings for up to 4 h. The following solutions were used during patch-clamp recording (compositions in mM): internal solution: K-gluconate 40, NaCl 20, KF 60, EGTA 20, HEPES 10, pH 7.2 (KOH), supplemented with 0.9 mM GTPγS before the experiments to induce channel activation; external solution: NaCl 140, KCl 4, glucose-monohydrate 5, MgCl 2 1, CaCl 2 3, HEPES 10, pH 7.4 (NaOH); high K + external solution: NaCl 135, KCl 25, MgCl 2 1, CaCl 2 3, HEPES 10, pH 7.4 (NaOH); and K + -free external solution: NaCl 160, MgCl 2 1, CaCl 2 3, HEPES 10, pH 7.4 (NaOH). Chemicals were purchased from Sigma-Aldrich Corporation. All solutions were sterile filtered. Aliquots were stored at − 20°C and warmed up to room temperature before use.
Effects of P. persicaria extracts, fractions, and isolated compounds were tested. A stock solution of test material was prepared in each case. The concentrations of the examined substances in the stock solutions were 50 mg of dried material/mL for the plant extracts and fractions, and 10 mM for the pure compounds 1-4 (purity > 90%). In the combination assay, the mixture of 1 + 2 + 3 + 4 contained each compound at 10 mM. The solubilizing agent was dimethylsulfoxide (DMSO) in all cases. Aliquots were stored at − 20°C. Stock solutions were further diluted with high K + external solution to give appropriate concentrations for the measurements. The final DMSO concentrations in the tested samples were 0.5 % or less. The voltage protocol for GIRK ion channel assays (l " Fig. 2 ) started with a depolarizing voltage step to 60 mV for 100 ms before a 500-ms hyperpolarizing ramp to − 140 mV was applied. The membrane potential then remained at − 140 mV for 100 ms before returning to the holding potential of − 40 mV. The inward currents were calculated from the − 140 mV segment. The pulse frequency was approximately 10 all second. Recording started in the normal external solution (4 mM K + ). High K + external solution was then applied to increase the current amplitude. After a 3-min control period, the test compounds were added to the cells in two concentrations, each for approximately 3 min. Propafenone (1 µM) (purity 98 %, Sigma-Aldrich Corporation) was used as a reference compound, and K + -free external solution was applied. The data were corrected with the current values measured in the K + -free external solution, which served as the baseline. Control measurements were made because of the run-down phenomenon (a spontaneous current decrease during the experiments 
